Abstract. Recurrence following failure of chemotherapy limits the application of high doses of anticancer drugs currently used for eliminating cancerous cells. It has been identified that ATP-binding cassette (ABC) multidrug transporters are associated with chemoresistance, which is a major obstacle in cancer therapy. The present study aimed to investigate the association of pretherapeutic multidrug resistance-associated protein 2 (MRP2) expression with response to chemotherapy in stage ӀӀ/ӀӀӀ colorectal cancer (CRC). Protein expression was determined by immunohistochemical analysis of 50 archival samples from patients who had not received preoperative chemotherapy and radiotherapy. All patients were treated with 5-fluorouracil/leucovorin (FL) plus oxaliplatin (FOLFOX-4) regimen for 6 months following curative resection. During the 12 months of follow-up, local and distant recurrences were observed in 15 (30%) cases, of which 5 occurred at the time of chemotherapy. MRP2 expression was observed in 24 (48%) and 7 (14%) cases in the tumor tissues and matched normal tissues, respectively. A significant difference was observed between the positive expression frequency in the tumor tissues compared to the surrounding normal mucosa (P=0.003). The incidence of recurrence and metastasis for patients in the MRP2-positive group was lower than that in the MRP2-negative group (P>0.05); however, all 5 cases who demonstrated recurrence during their treatment were MRP2-positive (P=0.022). MRP2 expression was not correlated with the clinicopathological markers in this group of patients. Kaplan-Meier analysis revealed that MRP2 expression was not associated with a shorter disease-free survival or overall survival of patients (P>0.05). The results of this study indicated that MRP2 is overexpressed in the course of CRC development and progression. However, expression of MRP2 was not associated with recurrence of patients treated with FL and oxaliplatin in the population studied.
Introduction
High incidence of mortality from colorectal cancer (CRC) in Western countries has prompted much research on CRC within these countries. In Iran, there has been a significant increase in CRC cases, particularly among the younger population (1) . According to a previous study, there are an estimated 3,641 new cases of CRC in Iran each year, of which 2,262 (62%) result in mortality (2) . Therefore, it is necessary to draw attention to CRC research in order to improve the diagnosis and treatment of this type of cancer. Adjuvant chemotherapy following curative resection is the most common approach to CRC treatment; however, a decreased sensitivity to chemotherapeutic agents has been observed in CRC patients who were subjected to previous surgery (3) .
Overexpression of ATP-binding cassette (ABC) transporter proteins was established to confer drug resistance to tumor cells (4 (6) and plays an important role in in vitro studies into drug resistance (7, 8) . It exports a wide spectrum of substrates using an ATP-dependent mechanism, including the glucuronide, glutathione and sulfate conjugates of endogenous and exogenous compounds (9, 10) . Glutathione conjugation was identified as one of the mechanisms for oxaliplatin resistance in CRC (11) . The FOLFOX-4 regimen is the main chemotherapeutic procedure used to treat CRC; it is a combination of oxaliplatin (a third-generation platinum drug) and 5-fluorouracil/leucovorin (FL). Incorporation of oxalipatin into a backbone of FL is able to improve the rate of response by 40-50% in metastatic CRC cases (12) . Several mechanisms contribute to resistance against platinum compounds, including enhanced DNA repair, decreased drug accumulation, drug inactivation and enhanced tolerance to platinum-DNA adducts (13, 14) . Glutathione conjugation is a well-known mechanism involved in the detoxification and inactivation of platinum compounds (15) .
The role of the MRP2 gene has also been identified in cisplatin resistance (16) . The functional inhibition of MRP2 appears to be an effective approach in overcoming resistance to platinum-based drugs in human melanoma cells (17) . A recent in vivo study demonstrated the involvement of MRP2 in drug resistant phenotypes of CRC cell lines (18) . However, the role of MRP2 in the clinical outcome of CRC patients who received platinum-based therapy remains to be clarified.
In this hospital-based study, we performed immunohistochemical detection of MRP2 in paraffin-embedded samples of 50 CRC patients. We investigated the putative association of MRP2-positivity and early CRC relapse in patients who were treated with FL and oxaliplatin.
Patients and methods
Study population and chemotherapy. A total of 50 CRC patients (30 males and 20 females; age range, 17-77 years) who had undergone complete resection of histologically verified stage II (T2 and T3, N0, M0) or stage III (any T, N1 and 2, M0) CRC were selected for this study. The clinical stage and pathological features of primary tumors were defined according to the criteria of the American Joint Commission on Cancer/International Union against Cancer (AJCC/UICC) (19) . This study examined protein expression in association with platinum-based drugs; therefore, patients who had received prior chemotherapy or radiotherapy were excluded, thus only the patient's first response to chemotherapy was analyzed. The clinicopathological features of the patients were obtained from their medical records. This study was approved by the Hazrate Rasoul Akram Hospital (Tehran University, Tehran, Iran) and the Faculty of Medicine and Health Sciences (University Putra Malaysia, Malaysia).
All patients were treated with 12 cycles of FOLFOX-4 chemotherapy for 6 months. The chemotherapeutic regimen consisted of oxaliplatin (85 mg/m 2 ) combined with leucovorin (200 mg/m 2 ) and bolus fluorouracil (400 mg/m 2 ) on day 1, and continuous infusion of fluorouracil (600 mg/m 2 ) on day 2. The cycle was then repeated after a 2-week rest period. Patients received premedication, including dexamethasone or granisetron, 1 h prior to their treatment. Clinical response was assessed by measuring carcinoembryonic antigen (CEA) levels at 3-month intervals for 2 years and at 6-month intervals thereafter. A colonoscopy and CT scan was usually performed at 6-month intervals in the first 2 years and annually thereafter; these tests were mandatory following an elevated CEA level. Development of new recurrent or metastatic lesions following surgery was considered as relapse and local relapse was histopathologically/cytologically confirmed by specimen examination.
Immunohistochemistry. The tumor and matched normal paraffin-embedded tissues were cut into 4 µm sections, mounted onto slides and incubated for 30 min at 60˚C. Sections were routinely deparaffinized in xylene and rehydrated in a graded ethanol series. Endogenous peroxidase activity was blocked by incubation in 0.3% H 2 O 2 for 30 min. Antigen retrieval was achieved by heating the tissue sections in an autoclave filled with sodium citrate buffer for 10 min at 120˚C. Following cooling at room temperature, the sections were rinsed in phosphate-buffered saline (PBS; pH 7.4), incubated with anti-MRP2 primary antibodies (M2III-6, ab3373; Abcam, Cambridge, UK) diluted at 1:120 for 1.5 h, and rinsed in PBS. The sections were subsequently treated with EnVision+ Dual Link System-HRP secondary antibody (K4061; Dako, Copenhagen, Denmark) for 45 min and rinsed in PBS. Immunoreactivity was visualized with 3,3'-diaminobenzidine (Dako). The sections were counterstained with hematoxylin and mounted. The protein expression was evaluated by two pathologists, blinded to clinical outcomes. Liver tissues were used as a positive control for MRP2 (Fig. 1C ) and the primary antibody was replaced by PBS as a negative control. Positive and negative controls were applied in each run of the procedure. Samples were classified as positive for the expression when over 10% of tumor cells demonstrated immunoreactivity, as in previous studies in ovarian cancer by Arts et al (20) and in small cell lung cancer by Ushijima et al (21) .
Statistical analysis. The data were analyzed using the Statistical Package for the Social Sciences software version 11.0 (SPSS, Inc., Chicago, IL, USA). Correlations between positive expression, clinicopathological features and early relapse were analyzed using a Chi-square test. The Kaplan-Meier method was used for survival analyses and the log-rank test was used for comparing survival data. Disease-free survival (DFS) was defined as the number of months from the date of surgery to the first event of documented relapse or mortality. For those patients who did not experience relapse, data were collected during the last follow-up. Overall survival (OS) was considered as the duration between surgery and mortality from any cause, and data on survivors were counted at the last follow-up. P<0.05 was considered to indicate a statistically significant difference.
Results

Patient characteristics.
In total, 50 patients were included in this study, of which 30 were male and 20 were female (male to female ratio, 1.5 to 1). A total of 38 patients (76%) were >50 years and 12 (24%) were <50 years (range, 17-77 years). A total of 22 cases (44%) were stage II and 28 cases (56%) were stage III. The primary tumor location for 35 (70%) patients was the colon and for 15 (30%) was the rectum. Table Ӏ shows the clinicopathological features of the patients and tumors. The median follow-up time was 34 months (range, 24-50 months); in this time, a total of 15 cases (30%) developed early relapse, either local recurrence or distant metastasis, of which 5 were strongly resistant to treatment and demonstrated recurrence at time of chemotherapy.
Protein expression. Expression and subcellular localization of MRP2 was determined by immunohistochemistry of 50 paraffin-embedded tumors and matched normal tissues (Fig. 1) . MRP2-positive expression was observed in the tumor and matched normal tissues of 24 (48%) and 7 (14%) cases, respectively. Comparing MRP2 expression in the tumor tissues and matched normal tissues indicated significant overexpression of MRP2 in cancerous regions compared to normal mucosa (P=0.003).
Correlation between early relapse and clinicopathological markers. The correlation between MRP2 expression and clinicopathological parameters was also investigated. No statistical associations were observed between early relapse and gender, age, tumor size, tumor site, lymph node metastasis, cancer stage, grade or histology (P>0.05). However, a higher frequency of early relapse was observed among male patients (12/15 cases).
Correlation between expression of MRP2 and early relapse.
When the patients were divided into groups according to their MRP2 expression, the MRP2-positive group did not demonstrate a significantly poorer response compared to the MRP2-negative group in the tumor tissue or normal mucosa (P>0.05). Therefore, no association between early relapse and MRP2-positive expression was identified. All Correlation between clinicopathological factors and patient survival. Variables including clinical AJCC/UICC stage, lymph node metastasis, histology, tumor size, tumor location, age, gender and positive MRP2 expression in tumor and matched normal tissues were analyzed using the Kaplan-Meier method. These parameters were not associated with the OS or DFS rate of patients (P>0.05), except in the cases of deep tumor invasion. Although a significant correlation between deep tumor invasion and survival time was observed, the results were not suitable for evaluation due to the small number of cases (2 out of 50) in the T4 type group. In addition, a similar trend was observed between MRP2-negative patients and a higher OS.
Discussion
Development of drug resistance and recurrence that frequently occurs in cancer therapy is a major limitation to applying adequate high doses of drugs to eradicate tumor cells. The detection of markers that predict drug resistance is of major interest in selecting the most effective medication in first-line treatment. At present, oxaliplatin is used in the treatment of CRC (11) and combining oxaliplatin to a backbone of FL was revealed to improve the adjuvant chemotherapy of colon cancer (22) . However, certain patients remain unresponsive to this effective combination chemotherapy. MRP2 mediates the export of intracellular glutathione conjugates of a number of clinically important drugs (9, 10) . Glutathione-conjugate formation is a well-known mechanism of resistance to oxaliplatin in CRC (11) . Once oxaliplatin is passively absorbed by cells, it is detoxified within the cytoplasm by forming glutathione conjugates and consequently eliminated from the cancer cells. However, in the nucleus it forms oxaliplatin-DNA adducts that contribute to cytotoxicity. A glutathione-conjugation-oxaliplatin complex was verified to be a substrate of ABC transporters (11) . Additionally, MRP2 mRNA upregulation was identified to be associated with decreased formation of platinum-DNA adducts and decreased G2-arrest in the cisplatin-resistant cell line (17) . Hinoshita et al (23) also observed the association between MRP2 mRNA levels and cisplatin resistance in colorectal carcinoma cells in an in vivo study.
Taking into consideration the involvement of MRP2 in the resistance of platinating agents, we aimed to evaluate its possible association with CRC recurrence in platinum-based chemotherapy employing a homogenous population. Patients were diagnosed at an age less than 78 years in stage ӀӀ/ӀӀӀ CRC and did not receive preoperative treatment prior to their FOLFOX-4 regimen. We anticipated that the overexpression of MRP2 may influence tumor response and induce recurrence.
When the correlation of the MRP2-positive expression to the clinicopathological markers was examined, the statistics did not reveal any significant correlation. The MRP2-positive patients did not demonstrate a significantly superior OS and DFS compared to the MRP2-negative patients in the neoplastic tissue or normal mucosa. However, a higher OS was observed in the MRP2-negative patients. In addition, when the expression of MRP2 in the colorectal carcinoma and matched normal mucosa of patients were assessed by immunohistochemical staining, the statistical result indicated significant overexpression in the tumor tissue. Therefore, the expression of MRP2 may play a role in the malignant transformation of colorectal tissues in selected patients. In a previous study by Hinoshita et al (23) using quantitative reverse-transcription polymerase chain reaction (RT-PCR), it was demonstrated that the expression of MRP2 was significantly increased in CRC tissues compared to normal mucosal tissues. Although overexpression of MRP2 was revealed to confer drug resistance in tumor cells (24) , our observation did not identify any significant correlation between early CRC relapse and MRP2-positive expression in the neoplastic tissue or matched normal mucosa. Therefore, expression of MRP2 did not appear to play a prognostic role in CRC patients receiving adjuvant chemotherapy with FL and oxaliplatin.
We identified a subpopulation with MRP2-positive expression among patients who had poor CRC prognosis and demonstrated recurrence at time of chemotherapy. Although this number of patients was small, they were the only patients who demonstrated recurrence within 6 months. The findings indicated that there are other existing mechanisms that affect the results of the study. We suggest that further study of MRP2 expression with proteins that simultaneously transport MRP2 substrates is required. A study of the expression of organic anion transporting polypeptide (OATP2) along with MRP2 in platinum-based chemotherapy may be required.
The association between MRP2 expression and the clinical outcome has been demonstrated in various types of tumors (25) (26) (27) , but its prognostic role in CRC remains to be clarified. Further study is required to elucidate the role of MRP2 expression in poor response patients who received platinum-based therapy.
In conclusion, we demonstrated that MRP2 was overexpressed in tumor tissues compared to normal tissues. To the best of our knowledge, this is the first study to indicate the protein expression of the ABC transporter MRP2 in tumor and normal tissue. We identified that MRP2 expression is not a predictive value of poor clinical outcome in patients with stage ӀӀ/ӀӀӀ CRC treated with FL and oxaliplatin chemotherapy.
